With respect to the limited lifespan of glutaraldehyde-treated bioprostheses (BHVs) to date there is almost no alternative when heart valve replacement surgery is required and most advanced current research attempts to develop tissue engineered valve scaffolds to be implanted in vivo or after in vitro preconditioning and dynamic seeding with host cells. However the clinical outcomes of grafting detergent-based cell-depleted tissue engineered xenogeneic constructs are still controversial. Insufficient quantitative evaluations performed at preclinical level about the residual content of xenogeneic epitopes, detergents, and nucleic acid materials in such scaffolds have led to disappointing and disastrous results. The risk of these dramatic accidents reoccurring remains very high unless safety and reliable control tools aimed to reach their complete removal, in order to consider tissues biocompatible and suitable for clinical practice.
Introduction
The increasing occurrence of heart valve insufficiency, following degenerative or rheumatic aetiology, represents a clinical burden with high social and economic relevance in worldwide population and requires as major resolution the surgical approach of valve substitution. Each year more than 290,000 patients go through valve replacement worldwide, and this number is projected to reach 850,000 by the year 2050, as the average age of the population increases [1, 2] . Actually commercialized biological heart valve prostheses (BHVs) ameliorated the natural history of the valve pathology, but their performance and endurance are limited in time. The interplay of multiple factors such as chemical interactions, surgical and mechanical factors, material fatigue [3] , immunological and foreign body occurrences [4] , and finally blood surface exposure leads to the replacement of BHVs after 8 to 10 years following the original implant.
The limited lifespan of BHVs and availability of human tissue substitutes has led biomedical researchers to explore the use of animal donors as an attractive and unlimited source for biological devices (xenotransplantation) in the development of viable and functional tissue engineered construct for lifelasting prostheses.
To ensure biocompatibility when implanting animal tissues into humans, it is mandatory to avoid hyperacute and acute rejection and vascular injury by removing the resident cellular component, antigens, and nucleic acids remnants. To meet these criteria, tissues are subjected to decellularization procedures combining the action of physical agents, detergents, enzymes, and chemical compounds under controlled conditions and without adversely affecting the architecture, ultrastructure, mechanical integrity, and biological activity of the residual extracellular matrix (ECM) [5] .
Nevertheless, when implanted in vivo, a decellularized xenogeneic ECM has been shown to maintain the potential 2 Conference Papers in Science to attract inflammatory cells and to induce platelet activation with controversial clinical outcomes [6] [7] [8] [9] . Xenograft biomimetism is directly related to the presence of several antigens including the notorious alpha-gal epitope [10] . Such antigen resulted to be expressed in most mammalian tissues, except humans and higher primates. In humans, the continuous antigenic stimulation by gastrointestinal flora (expressing the alpha-gal epitope) results in the production of antialpha-gal antibodies accounting for 1 to 3% of the circulating immunoglobulins [11] . The residual presence of alpha-gal xenoantigen in current commercial BHVs [12] significantly increases the human anti-galactose titers, starting from day 10 following implantation [13] and reaching a peak at around 3 months [14] .
Actually the efficacy of a decellularization treatment could be evaluated by several methods including classical histological techniques, immunohistochemistry and/or -fluorescence analysis, and DNA quantification. Strangely enough, the detection and quantification of residual alphagal and/or alpha-gal competitor antigens have not yet been adopted as a standardised control procedure for the production of reliable xenogeneic materials suitable for human implantation.
Since the alpha-gal epitope could remain exposed and reactive in the cellular membrane residues still entrapped between the fibres of the ECM (if not properly removed by the action of detergents), our group has developed a method for evaluating the amount of such antigen before and after different detergent-based decellularization procedures.
Alpha-Gal in Native and Decellularized Porcine Heart Valves
Ten years ago, detection of alpha-gal epitopes in xenogeneic tissues relied only on the use of alpha-gal reactive lectin molecules, chiefly the Bandeiraea griffonia simplicifolia (GS-IB4). Although lectins are not antibodies, for a long time they have been used conjugated with fluorophores for labelling tissue sections. Noteworthy is that lectins feature a reactive group able to specifically interact with the carbohydrate components such as the alpha-gal digalactoside, without excluding affinity for similar groups even if devoid of immunogenic reactivity [17] . To avoid these confounding results, our group strongly based the investigation on the use of the M86 anti-alpha-gal monoclonal antibody [16] . Described for the first time by Galili et al. [18] , M86 is an IgM isotype specifically directed toward these xenogeneic sugar residues. In terms of specificity of alpha-gal reactive site recognition the comparison between lectin-based and M86-based procedures, performed by our group [15] , revealed that in porcine fresh tissue the overlap of fluorescence signals of M86 was limited to 61.5 ± 2.6% referred to the total signal obtained adopting lectins. This means that, for native tissues, the use of lectins as alpha-gal detector can lead to an overestimation of the xenogeneic epitopes amount (Figure 1 ). Conversely, alarming results are obtained by analysis of the same tissue after decellularization treatment. According to the cellular removal procedure developed by Kasimir and [12, 16] highlighted that 60.01% and 34.21% of the original alphagal antigens present in the native tissues (for porcine aortic and pulmonary valve, resp.) were still present and reactive despite the detergent-based decellularization treatment ( Table 1 ). The procedure of Kasimir and colleagues [19] was also compared with a decellularization method developed by our team (named Tricol), based on the combined action of detergents such as Triton X-100, sodium cholate, and nuclease (Benzonase) [20] [21] [22] [23] [24] . The alpha-gal immunofluorescence distribution was evaluated with both M86 and GS-IB4 lectin. While no M86 antibody binding was found in Tricol-treated cusps (indicating that the tissue was free from alpha-gal moiety), the whole fibres of the ECM (collagen and elastin) exhibited an unprecedented diffuse and intense affinity for the lectin, with a widespread green fluorescence (Figure 2 ) [16] . Similar images have been reported by Kasimir et al. even if the authors did not specifically comment about that [19] . The aspecific interactions of the lectin molecules with the ECM components are responsible for the production of a high background noise which makes it impossible to discriminate the presence of the alpha-gal epitopes. Accordingly, the reliability of lectins as alpha-gal detector in decellularized tissues appears to be questionable suggesting avoiding such procedure.
Other Unwanted Leftovers of the Decellularization Process
Cellular remnants, belonging to dead cells (i.e., membrane debris), are able to activate innate and acquired immune responses, resulting in an acute failure of the implanted graft or in a chronic inflammatory reaction [25] . In particular, antigenic determinants exposed on the cells surface may persist in membrane residues and be still capable of reacting notwithstanding the elimination of each single whole-structured cell. Therefore the removal of the alphagal epitope, physiologically present on the surface of the cell membrane of xenogeneic tissues, is likely to be assumed as an index for the assessment of complete cellular debris removal. While the alpha-gal-free feature can be considered as a sign of efficient decellularization treatment (confirming the absence of cell membrane remnants), also the presence of nucleic acids residues should be taken into consideration.
In fact, they are liable for the initiation of the calcification process, due to the presence of charged phosphoric acid ester groups similarly as in the case of cell membranes phosphate groups [6, 7] . Finally, a key role in the production of a nonantigenic acellularized matrix is played by the detergent. Such chemical compounds are able to dissolve cell membranes but they have also a high cytotoxic potential further to the ability to trigger the immune system (they are used as adjuvant for the manufacturing of vaccines [26] ). Current investigation present in the literature, limited to the evaluation of the detergent release from the treated tissue [27, 28] , demonstrates how, despite repeated washing, it is not possible to completely eliminate all traces of surfactant Figure 2 : Alpha-gal comparative detection with GS-IB4 isolectin and M86 antibody. Alpha-gal epitopes revealed by immunofluorescence for M86 antibody (red) and GS-IB4 isolectin costaining (green) in native conditions (a). After TriCol decellularization (b), epitopes are no longer immunologically detectable by M86, while GS-IB4 reveals an unspecific attraction to matrix fibers. Note in (b) the full absence of Hoechst signal (blue), meaning an effective decellularization with total removal of nuclear material. Scale bar: 100 m. Image previously published in Naso et al. [16] . from the treated biologic material. Residues of detergent are able to decrease the tensile strength of elastin fibers, greatly enhancing the susceptibility of insoluble elastin to proteolysis [29] [30] [31] [32] with subsequent structural degeneration. Moreover, the physiochemical properties of some detergents such as the derivatives of bile salts (cholate and deoxycholate salt) are strongly dependent on temperature and pH conditions. Changes of these parameters are responsible for the transition to a gel state of the detergent solution, remaining trapped within the ECM and making it difficult to wash from the tissue. Such occurrence is aggravated when, within this gel, residues of cell membranes may be present and expose the alpha-gal antigen that making the treated tissue highly immunogenic. Actually our team is committed to the first detergent residues determination performed directly on the resulting treated tissue scaffold. Preliminary data seem to demonstrate how sodium deoxycholate is the surfactant most difficult to remove, accumulating within the insoluble tissue matrix in nonnegligible amount.
Conclusion
Insufficient quantitative evaluations performed at preclinical level about the residual content of xenogeneic epitopes, detergents, and nucleic acid materials have led to disappointing and disastrous results [7] [8] [9] . The risk of these dramatic accidents reoccurring remains very high unless safety and reliable control tools are adopted, particularly aimed at the complete removal of major xenogeneic determinants (alphagal) and calcification-prone nucleic acid residues. All of these criteria are likely to be strictly fulfilled in order to consider the tissue biocompatible and suitable for clinical practice.
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